This paper describes a two-degree-of-freedom (two-DOF) controlled electromagnetic actuator guided by an elastic hinge mechanism to realize off-axis laser beam cutting. In the laser beam cutting process, a focused laser beam melts and vaporizes part of the workpiece, and the molten material is blown away by an assist gas jet. The cutting speed and quality are related to the flow of the assist gas jet. In order to improve the removal capability of the molten material and to reduce gas consumption in off-axis laser beam cutting, the lens is driven radially by the proposed two-DOF actuator to generate relative motion between the assist gas nozzle and the laser. Experimental results show the prototype actuator possesses a positioning stroke of ±500μm within 3μm of tracking error and bandwidths more than 150Hz in the two-DOF directions. In the acceleration test supposed at a maximum acceleration of 2G, the prototype actuator maintains the relative displacement between the lens holder and the laser head within 10μm. Off-axis laser beam cutting by using the prototype actuator achieves high speed and less dross processing.
Introduction
Laser beam cutting uses a focused laser beam combined with a gas jet to assist in removing molten material. The laser beam melts and vaporizes part of the workpiece. The assist gas jet, which is coaxial with the laser beam, continuously blows away the molten material. This cutting process is widely used in many industries because it can cut through hard materials without making contact (1) (2) . However, the thicker the workpiece is, the lower the capability of the assist gas jet has in removing molten material from the cutting front. Insufficient gas flow through the cutting front decreases the cutting speed, and generates burr, dross and recast layers (3) - (5) . In order to improve the cutting speed and the capability to remove molten material, and, furthermore, to save gas consumption, real-time positioning control of the relative displacement between the lens and the assist gas jet nozzle in laser beam cutting machines (off-axis control) has been proposed, as shown in Fig. 1 (a) . The off-axis effect has been verified in two types of off-axis straight laser beam cutting experiments. One is by using laser beam cutting machine with a convergent nozzle coaxial with laser beam. A offset between the laser beam axis and the convergent nozzle is changed (a) Overview of off-axis cutting (b) Two-dimensional off-axis cutting Fig. 1 Off-axis laser beam cutting manually for each experiment (6) . The other is by using that with a supersonic nozzle. The nozzle angle and the distance between the injection point of the gas jet and the laser beam are changed manually for each experiment (7) (8) . However, off-axis laser beam cutting has not yet been realized in practical two-dimensional laser beam cutting. The lens should be positioned to generate a relative displacement between the nozzle and the beam, following the two-dimensional reference cutting trajectory, as shown in Fig. 1 (b) . The actuator to realize off-axis laser beam is attached to the laser head. Not to interfere with the motion of the laser head, the actuator should be made compactly and lightly. Both lens drive and nozzle drive can realize the off-axis setting. However, compared with the assist gas nozzle, the lens is light, small and simple shape. In addition, lens drive has no effect on optical setting and quality of the laser beam. The moving range of the lens is sufficiently small. Therefore, in this study, to satisfy the requirements of compactness, simplicity and the limitation to the mass to be moved, we chose to use the actuator to move the lens to realize off-axis laser beam cutting. The objective of this study is to develop a two-DOF controlled lens drive actuator for off-axis laser beam cutting and to apply the actuator to a laser beam cutting machine.
Two-DOF controlled lens drive actuator

Design requirements
Based on the results of a preliminary laser beam cutting experiment, the target stroke and positioning resolutions of the actuator were set to ±500μm and less than 10μm, respectively. The requirement of positioning accuracy should be also kept in the accelerated condition. The positioning response of the lens drive actuator should be from five to ten times higher than that of the laser head. Considering the bandwidth of the laser head is about 10~20Hz, the target controlled bandwidth was set to 200Hz.The size of the actuator should be less than 200×200×40mm due to the space restriction within the laser beam cutting machine.
Mechanism of the actuator
To satisfy these requirements, a two-DOF controlled lens drive actuator was proposed, as shown in Fig. 2 (a) . This consists of a two-DOF elastic hinge guideway and two sets of electromagnets facing each other. The characteristics of using elastic hinge are non-friction and simple mechanism.
The elastic hinges guide the lens holder in the X and Y directions, and restrict the translational motion in the Z direction and the rotational motion. When the lens holder moves in the X direction, only elastic hinges parallel to the Y-axis deform. When the lens holder moves in the Y direction, only elastic hinges parallel to the X-axis deform, as shown in Fig. 3 . The electromagnets, placed around the lens holder, drive the lens holder using electromagnetic attractive forces. The displacement of the lens holder is measured by gap sensors, placed around it, as shown in Fig. 2 (b) . Three sets of four displacement sensors are used to measure the motion in the X, Y and Z directions, respectively. The redundant sensor alignment cancels interference of the rotational motion of the lens holder and temperature drift. For example, in the X direction, by using initial gap between sensor and lens holder g 0 , displacement x, rotation θ, lengths L x and effect of temperature drift g ΔT , each gap between sensor and lens holder x 1+ , x 1-, x 2+ and x 2-are obtained as follows.
The displacement x can be calculated from Eqs. (1)~(4).
In the Y and Z direction, the interferences can cancel in the same way. The sensors in the Z direction are not used in the positioning control. 
Design of dynamic and static characteristics
In the mechanical design of the elastic hinge, it is necessary to consider not only the natural frequencies of non-controlled vibration modes but also the maximum von Mises stress. The simulation model consists of elastic hinges, targets of electromagnets and a lens, as shown in Fig. 4 . The materials of the elastic hinges, the targets and the lens are brass, steel and zinc selenide, respectively. These analyses were carried out using a finite element method (Solidworks simulation, Dassault Systèmes Solidworks Corp.).
To avoid resonance in the non-controlled directions, the natural frequencies of non-controlled modes should be higher than the bandwidth of the control system. To increase the natural frequency of Z-axis rotational vibration mode (i.e. the lowest order non-controlled vibration mode), double elastic hinges and a weight saving lens holder are designed. The Z-axis rotational vibration modes of the initial model having single elastic hinges and the improved model having double elastic hinges are shown in Fig. 5 . The Z-axis rotational natural frequency of the improved model (285Hz) increased by about 15% comparing with that of the initial model (248Hz). 6, 2012 Furthermore, the von Mises stress induced by the maximum static displacement of 0.5mm should be much lower than the yield stress of brass. Applying a static force of 50N in the X or Y directions, the displacements in the X and Y directions were 0.525mm and 0.541mm, respectively. The maximum von Mises stress which occurs at the edge of the elastic hinge was 53.6MPa, as shown in Fig. 6 . Considering the yield stress of brass is 239MPa, the safety factor is 4.4. Fig. 7 shows a photograph of the fabricated actuator. The size was 200×200×40mm and the total weight is 4.9kg including a base plate. The elastic hinges were made of brass. In this design, the range of movement of the center of the lens holder was ±500μm. To prevent the generation of eddy currents, laminated steel was employed in the electromagnet core and target.
Fabricated actuator
The natural frequencies were analyzed using measured impulse response. Figure 8 shows the positions of acceleration pickups and the impact point in the X direction. The acceleration in the X direction is given by using the average of the two acceleration pickup's outputs and the rotational acceleration around the Z-axis is given by using the difference between the two acceleration pickup's outputs. Same experiments were carried out in other directions. The measured and simulated natural frequencies are summarized as shown in Table 1 and the simulated fourth and fifth vibration modes are shown in Fig. 9 . The natural frequencies in the uncontrolled directions were higher than 200Hz. 
Positioning control system
The X and Y motions are independently controlled in the system because the interference between them is small enough to be neglected. In this section, the control system in the X direction only is described.
In conventional magnetic bearings used for high speed rotors, electromagnetic force is usually linearized by supplying a bias current to each electromagnet. However, this method is not proper for positioning a lens in a wide range. In order to realize stable positioning over a wide range and reduce the power consumption of the electromagnets due to bias currents, nonlinearity compensation and zero-bias methods are employed (9) . Coil currents are supplied to generate a force F following the reference force F r , as shown in Fig. 10 . The force F can be calculated as follows.
Where K 0 is the coefficient of the current-displacement-force relationship, x and x 0 are the displacement of the lens holder and the initial gap, and i x1 and i x2 are the currents 
To stabilize the control system and to expand the bandwidth, an I controller and a regulator having two degrees of numerator and denominator were used. The parameters A 0 , A 1 , B 0 , B 1 and B 2 in the regulator were chosen to place all the poles of the minor closed loop at -2π×170rad/s. The integral gain γ was determined to be 380, experimentally. To decrease the current delay, a current feedback loop with a bandwidth of 440Hz was included in the control system.
A digital signal processor board (DS1103, dSPACE Japan Corp.) is used to realize a digital controller and the sampling rate is set at 40kHz. To measure the displacement of the lens holder, eddy current sensors (PU-05, AEC Corp.) with a measurement range of 2mm and resolution of 1μm are used.
Positioning performance
The frequency response from the sinusoidal reference X r , with an amplitude of 5μm, to the displacement of the lens holder in the X direction was measured, as shown in Fig. 11 . The bandwidths of the positioning system in the X and Y directions were 157Hz and 177Hz, respectively. The results didn't satisfy the requirement of bandwidth. In the experiments, the higher gain controller destabilized the control system. In future, the design of the actuator and controller should be improved.
Experimental tracking control of circular trajectories was carried out while varying the frequency and amplitude of the trajectory. Figure 12 shows a circular trajectory with an amplitude of 500μm at 1Hz. The maximum tracking error is within 3μm.
For the laser beam cutting process, this actuator was attached to the laser head in the 2D laser processing machine (ML3015NX, Mitsubishi Electric Corp.). The laser head moves at a maximum acceleration of 2G. During the acceleration, the actuator maintains the relative displacement between the lens holder and the laser head within 10μm, as shown in Fig. 13 . Comparing tracking errors in the two directional acceleration tests, relatively large tracking error in the non-accelerated direction is observed only in the X directional acceleration test. This cause is unclear and it should be investigated in future. 
Laser beam cutting test
To evaluate the effectiveness of off-axis lens control using the proposed actuator, straight laser beam cutting of mild steel workpieces with a thickness of 12mm was tested. For the tests, a 3000W CO 2 laser was used. To assist the cutting process, oxygen gas was used to remove the molten steel. The fastest cutting speeds without generating dross were found for the conditions where the off-axis distance was set to 0, 100, 150, 200, 250 and 300μm. The results, given in Table 2 , show the maximum cutting speed with an off-axis distance of 300μm is 28.6% faster than that with on-axis.
Furthermore, an experimental comparison between on-axis and off-axis circular laser beam cutting was made, as shown in Fig. 14. The conditions used were similar to those of straight cutting. The cutting speed and off-axis distance were maintained at 1300mm/min and +200μm in the direction of cutting, respectively.
As shown in Fig. 14 (a) , with on-axis cutting, the molten material is blown in the reverse direction with the diffusion, so that removal of the molten material is inefficient. Therefore, some dross is attached to the workpiece. With an off-axis distance of 200μm, as shown in Fig. 14 (b) , the molten material is blown away relatively straightforwardly and is efficiently removed. These results show that less dross accumulates with off-axis laser beam cutting than without it. 
Conclusion
In this study, to realize two-dimensional off-axis laser beam cutting, a two-DOF controlled elastic hinge actuator was developed. The effectiveness of the actuator for off-axis laser beam cutting was experimentally evaluated. The positioning results can be summarized as follows.
(1) The bandwidths of the positioning system in the X and Y directions were 157Hz and 177Hz, respectively.
(2) The circular trajectory tracking control error was within 3μm with an amplitude of 500μm at 1Hz. (3) During acceleration at 2G, the positioning system maintained the relative displacement between the lens holder and the laser head within 10μm. Furthermore, straight line and circular laser beam cuttings both on-and off-axis were tested. The machining results can be summarized as follows.
(1) In straight line laser beam cutting, the maximum cutting speed with an off-axis distance of 300μm increased by 28.6% compared with on-axis cutting.
(2) Circular off-axis laser beam cutting achieved less dross than on-axis laser beam cutting.
